Testing the quantum arrow of time in weak decays 
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The arrow of time is a familiar concept; entropy increases, landscapes are eroded away by the 
elements, and we inevitably grow older. These irreversible macroscopic effects taint our intuition 
of time, however it is well known that the quantum arrow of time is different from this entropic 
behaviour. The laws of quantum physics can be studied under the mathematical T operation that 
inverts the direction of time. Strong and electromagnetic forces are known to be invariant under 
temporal inversion, however the weak force is not. The BABAR experiment recently exploited the 
quantum-correlated production of mesons to show that T is a broken symmetry. Here we show 
that it is possible to perform a wide range of tests of quark flavour changing processes, described 
by the weak interaction, under the T symmetry in order to validate the Standard Model of particle 
physics. So while it is unconnected to the entropic arrow of time, the quantum arrow of time 
sometimes does have a preferred direction, which can be measured. 
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Weak decays are known to violate the set of dis- 
crete symmetries charge conjugation (C), spatial inver- 
sion otherwise known as parity (P) [1], CP [2] which 
distinguishes between matter and antimatter, and time- 
reversal (r) [21 Sj . These discrete symmetry operations 
are illustrated in Figure [ij However experimental ev- 
idence so far supports the hypothesis that the overall 
symmetry CPT is conserved, for example see [SHH] for 
the results of tests using B meson decays. The most sig- 
nificant hint for a non-conservation of CPT comes from 
BaBAR, however the CPT violation search using sidereal 
time evolution of di-lepton decays only has a significance 
of 2.8a from expectations of being consistent with the 
Standard Model of particle physics (SM) [8|. For CPT 
to be conserved, the level of CP violation has to be bal- 
anced by 'just enough' T violation so that these two vio- 
lations cancel each other out to preserve CPT symmetry. 
While this discussion may seem to be of academic inter- 
est it is worth recalling that CPT is conserved in locally 
invariant field theories such as the SM TO]. However a 
number of scenarios that have been proposed in order to 
work toward a theory of quantum gravity can naturally 
manifest CPT violation. The details of how this might 
happen depend on the specifics of such models (see for 
example [HHIS]), and as the weak force has a lack of re- 
spect for discrete symmetries one should be motivated to 
test the behaviour of this force with respect to T (and 
other symmetries) in as many types of weak decay as 
possible. 




CP(y) = -y CPT(y) = -y 



FIG. 1: The effect of T and CP transformations on the set 
of spatial (x, y) and temporal (t) coordinates. A coordinate 
system transformed by T results in a temporal inversion, i.e. 
t ^ —t as shown in the top half of the flgure. If the coordinate 
system is transformed under CP, then matter is changed into 
anti-matter by C, and spatial coordinates are inverted by P so 
that X — >■ —X and y — > —y. The CPT transformed coordinates 
result in spatial and temporal inversion. 



The obvious observable to study T symmetry in- 
variance parallels that of a time-dependent or time- 
integrated CP asymmetry, where the decay of an initial 
state to a CP eigenstate (or admixture) is compared with 
the CP conjugate process to test CP. Thus, to test T one 
can directly compare the probability of the transition of 
some initial state \i) to some final state |/) and that of 
the T-conjugate process of the transition of state |/) to 



the state |z), i.e. 

^ P{\^)^\f))-Pi\f)^\^)) 
^ P{\^)^\f))+P{\f)^\^))■ 

T symmetry invariance is violated if At ^ 0. The issue 
that remains is to identify the sets of interesting initial 
and final states, that can be used for such a test. The 
decay — )■ |/)) requires a T conjugate partner (|/) — 
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\i)) that is experimentally distinguishable. 

Historically there have been a number of claims of test- 
ing T violation through various methods, and often these 
tests are not stand-alone, but invoke CPT itself to infer 
that a CP violating asymmetry is telling us about T vio- 
lation. Such approaches are not able to test T symmetry 
invariance as they are not able to satisfy the require- 
ment imposed by Eq. ([I]). In this paper we outline a 
programme of symmetry invariance tests in B and D 
decays to extend the remit of the analysis proposed in 
Ref. [TH - fro] . We also point out how these measurements 
relate to the SM weak force quark mixing mechanism 
given by Cabibbo-Kobayashi-Maskawa (CKM) matrix in 
the SM millH]. 

The key to identifying pairs of measurable T conju- 
gate states is highhghted in Ref. [T^. One studies the 
ensemble of Einstein-Podolsky-Rosen (EPR) [19] corre- 
lated neutral meson pairs, and reconstructs an experi- 
mentally distinguishable double tag T conjugate pair of 
transitions: e.g. the flavour of one of the B decays is 
determined via decay to a flavour specific final state, for 
example a semi-leptonic B decay, and the other _B is a 
CP tag. Bernabeu et al. proposed the comparison of four 
sets of processes which satisfy the above criteria: 

B° B_ {i+X, J/i^Kl) vs S_ ^ 5° {J/i})Kl, r X) 

B+ B° {J/ijK°,i+X) vs ^ B+ {frX, J/^pKl) 

B" B+ {£+X, J/tpKl) vs B+ B" {J/tpK^, r X) 

B^ ^ B^ {J/iljKl,l+X) vs B" ^ B^{rX,J/ijK°) 

where the and in the final state provide experi- 
mentally distinguishable (CP odd and even) T conjugate 
modes for the CP tag side of the event, and the charge 
of the lepton identifies the T conjugate flavour tag side. 

Recently BaBAR observed a striking T violation effect 
via the study of neutral B mesons ^4^, following the pre- 
scription outlined in [16j . The experimental result cor- 
responds to an observation of T violation in these de- 
cays at the level of lAa, which is also consistent with 
the observed level of CP violation extracted using the 
same data-set [20] . The Belle experiment should be able 
to conflrm this result, and future flavour factories such 
as the upgrade of KEKB and Belle II should be able to 
improve significantly on the precision of this test. 

This can be generalised as follows: the ensemble of 
EPR correlated states produced in e+e~ interactions at 
the ^'(3770), r{AS), or r{5S) is given by 

$ = {P?n nP^) , (2) 

where P — Bd.s,D, and the subscript indicates the first 
or second meson in the pair. At the time one of the 
mesons decays the wave function collapses into a definite 
state corresponding to either the first [P'^P ) or the sec- 
ond (P P°) ordering. The remaining un-decayed meson 
will propagate through space-time and mix with its char- 
acteristic frequency Am until it too decays. Given this 



one can compute the asymmetry observable of Eq. Q 
as a function of the proper time difference At between 
the decay of the first meson <i and that of the second 
meson ^2- This relies on the quantum coherence of the 
wave-function of the EPR state over macroscopic scales, 
which at least in the case of the T(4S') has been tested 
experimentally by Belle [2T|. 

The previous discussion is quite general, the thing that 
remains is to identify the set of pairs of decay channels 
that can be used to compute At, beyond those already 
studied. For B'^{B^) meson decays to fiavour specific fi- 
nal states, e.g. decays to Xi'^v, constitute the flavour 
tag decay part of the problem, and the other decay is 
into a CP odd or even eigenstate which has an experi- 
mentally distinguishable T conjugate flnal state. It would 
be possible to use a CP admixture, however one would 
have the added complication of having to distinguish be- 
tween CP-even and CP-odd components of an admixture 
in order to reconstruct orthonormal states of the CP tag 
decay (for example by performing an angular analysis of 
neutral pseudo-scalar meson (P) decays to vector-vector 
flnal states, and extracting the CP odd part of the trans- 
verse amplitude in the decay). For simplicity we mostly 
restrict further discussion to deflnite CP final states to 
illustrate the proposed programme of study. 

The measurements performed by BaBAR used a set 
of charmonium plus decays (ccif^) and their T- 
conjugated partners {ccK^) paired with fiavour tag de- 
cays. These ccK'^ states are theoretically clean to in- 
terpret within the SM hence the importance of studying 
them. The asymmetry parameters measured are 
and AC^, where 

AC* AS'* 
At ~ cos AmAt H ^ sin AmAt. (3) 

We want to point out that it is possible to perform this 
measurement with any pair of other final states that ex- 
hibit time-dependent CP violation such as the T conju- 
gate pairs B — > {t]' ,(t),uj)K'^ and {rj' ,(f>,uj)K^. CP tag 
decays such as the — > s loop transitions rj'K'^ and rj'Kl 
are ideal choices for another T violation measurement as 
physics beyond the SM may affect the asymmetries via 
non-SM loop amplitudes contributing to the final state. 
It is important to test the level of T violation in tree pro- 
cesses against that found in loops as a priori the nature 
of new physics is, by its very definition, unknown. It is 
possible to study T symmetry invariance in 6 — >■ u tran- 
sitions via modes such as B ^ pp and its axial vector 
counterparts. Here the decay to p^p^ is of most interest 
as there are indications of a sizeable CP odd component 
in that final state. Similarly one can test 6 — > d tran- 
sitions via B — D*^D*~ decays. The loop dominated 
6 — >■ s decay — > 4)K* is of particular interest as there is 
a sizeable CP-odd component of the final state, to com- 
pare with the dominant T-conjugated CP-even part of 
the decay. A set of such experimental tests is important 
as one can independently compare T (and CPT) symme- 
try violation/invariance for b ^ u, c, d, and s transitions 
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in order to verify if the SM holds up to scrutiny. The 
time-dependent CP asymmetry parameters have already 
been determined for these modes, so in a sense half of 
the job has been done by the B Factories as these ex- 
periments have successfully confirmed the real benefit of 
studying B decays is the miracle that CP violation is 
manifestly large for these systems. 

The asymmetry observables AS"* are related to the 
unitarity triangle angles of the CKM matrix in the SM via 
|A^±| = 4/mA/(l + |A|2) and |AC±| = 2(1 - |A|2)/(1 + 
|Ap), where the complex parameter A is related to the 
mixing parameter ratio q/p and the ratio of amplitudes 
of the CP tag decay. For the case of the aforementioned 
b ^ c, d, and s quark transitions AS^ are measures of 
=F2sin2/3, and these are related to the unitarity triangle 
angle a in the case of & — >■ u transitions. 

It may be possible to extract information from B^ me- 
son pairs collected at the T{5S), however it should be 
noted that current vertex detector technology is insuffi- 
cient to resolve individual neutral meson oscillations in 
this system at an e~^e~ collider, so one must rely on the 
Ar modulation of the neutral meson oscillation to obtain 
information related to At- 

Now we can turn to the issue of charm decays where 
we recently urged the experimental community to em- 
bark upon the systematic study of time-dependent CP 
asymmetries to parallel the work of the B Factories since 
1999 [22]. This was in part motivated by the opportu- 
nity to make such measurements given the availability 
of data from LHCb and the promise of more to come 
from future flavour factories. Following our previous pa- 
per there have been tantalising indications of a non-zero 
direct CP asymmetry in D K^K~ and D — )■ tt+tt" 
decays from LHCb and CDF [23l |2l] that increase the ur- 
gency of performing these tests. The underlying physics 
regarding the production of neutral D mesons in e+e^ 
collisions at the ^'(3770) is a direct parallel of the produc- 
tion of B mesons at the T{AS). We note that as a conse- 
quence of this, one can re-use the measurement technique 
of Ref. [inj adopted by BaBAR and apply this to T viola- 
tion searches in charm mesons, with the caveat that the 
lifetime difference matters for charm as y = Ar/2r is 
non-zero. In analogy with our observation that there is 
a set of CP-eigenstate or admixture modes that should 
be studied for T symmetry invariance in B decays, at 
an asymmetric r-charm factory running at the ?/'(3770) 
one also has a set of interesting decay modes to explore. 
Thus one can study T invariance for c ^ d and c ^ s 
transitions at leading order, and also in principle access 
c ^ b transitions in terms of the second order, CKM sup- 
pressed, loop contributions given sufficient data. This 
last transition is related to observables reported in the 
B — > ccK° analysis by BaBAR. 

In the SM, the level of CP violation in charm is ex- 
pected to be small so, unless T violation arises from 
other mechanisms, any experimental test of T symme- 
try invariance would require a high degree of systematic 
control (and careful design to minimise systematic un- 



certainties), and a large integrated luminosity of data 
collected via e+e" ■0(3770) D"D°. Given the 
sample sizes of experiments under discussion, with a few 
ab^^, one would not expect to be sensitive to the level 
of T violation compatible with the SM — however that 
does mean that if one were to perform a T symmetry 
measurement and observe T violation, that would have 
to result from physics beyond the SM. Experimentally, 
the dilution effect present in determining flavour tag B 
states is absent for semi-leptonic flavour tagged neutral 
D mesons as there are only primary leptons produced in 
D^{D^) — > Xgiv decays, and as both D mesons are re- 
constructed with a well known initial set of conditions, 
there should be very little background present (at least in 
final states without a K'^ meson) with which one could 
study T symmetry invariance. The other experimental 
issue of relevance is that of detector resolution. Using 
vertex detector technology accessible today, with a center 
of mass boost factor relative to the laboratory frame 
of at least about 0.3-0.4, it should be possible for a r- 
charm factory to study T symmetry invariance in a wide 
range of final states including h'^h~ ^. CP tag decays 
such as — ^ ifg^Tr" should be experimentally accessi- 
ble in terms of CP violation measurements, however the 
lack of charged particles originating from the D decay 
vertex means that the tag mode with CP = -1-1 would 
have to be reconstructed via 7r° Dalitz decays or pho- 
ton conversion processes. However equivalent measure- 
ments with D° — >■ K^^^{uj, T], 77', (j>, /o, ap) are also 
possible, where these are expected to be less experimen- 
tally challenging than the K^^tt'^ combination. Studies 
of D° K^K^Kl and the T-conjugate K^K°K° mode 
could be used to explore these effects for W exchange 
amplitudes, if one could suitably reconstruct the decay 
vertex of the latter mode. These allow one to probe T 
symmetry invariance in c — > d and c — s transitions to 
complement the set of measurements in b quark transi- 
tions. 

In summary, the recent observation of T violation in 
b c transitions by BaBAR raises an interesting (and 
old) question: what discrete symmetries are respected 
by the weak force? We propose a number of measure- 
ments that can be made to test T symmetry invariance 
in 6 — ^ M, d and s transitions (to complement the existing 
b ^ c tests), as well as instigating a programme of mea- 
surements in the charm sector to test c ^ d and c — > s 
transitions. One expects sizeable T violation in the vari- 
ous B decay final states to balance the open form of the 
bd Unitarity triangle, and small effects (essentially zero 
within experimental precision that would be achievable 
with facilities under consideration today) for D decays. 
Any observed T violation can be related directly to the 
SM via existing knowledge of the CKM matrix, and so 
one can systematically probe the behaviour of the funda- 
mental weak force in terms of the T symmetry to com- 
plement almost five decades of study with regard to CP. 
The b ^ d and s transition effects should be compara- 
ble in magnitude to those reported by BaBAR for 6 — c 
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transitions as they are a measure of the unitarity triangle 
angle /3, whereas one expects a smaller value for 6 — > u 
transitions which are a measure of a in the SM. By mea- 
suring this set of decays one would be able to constrain 
leading and higher order T violation contributions in the 
SM to complement the set of CP violation constraints 
reported by the B Factories since 1999. To do this one 
requires high statistics data samples from future e~^e~ 
based (asymmetric energy) B and r-charm flavour facto- 
ries operating at the T{AS) in the case of b quark transi- 
tions and the iplSllO) in the case of c quark transitions. 
The data samples recorded by BaBAR. and Belle provide 
a starting point for detailed exploration of T violation 
in B decays before Belle II starts taking data later this 
decade. The full set of measurements indicated in this 



article would probe T violation in tree and loop transi- 
tions for both up and down type quarks. It is also worth 
remembering that one can probe CPT in an analogous 
way to over-constrain the model of quark-flavour chang- 
ing weak interactions, namely the Kobayashi-Maskawa 
mechanism and the CKM matrix. 
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